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Abstract
A Borrelia burgdorferi secA homologue was cloned and the complete DNA sequence was determined. The deduced
protein sequence consists of 899 amino acids and shows a high degree of homology to SecA homologues from other
Bacteria and photosynthetic plastids. The presence of the secA gene in Spirochetes suggests that this gene is present in most
if not all major lineages within Bacteria. The ease of isolation of secA by conservation of its ATP-binding motifs combined
with its extreme conservation in protein secretion pathways and the presence of a phylogenetic sequence marker in one of
its ATP-binding domains makes this gene useful for phylogenetic analysis of Bacteria and photosynthetic plastids. q 1998
Elsevier Science B.V.
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 .Outer membrane proteins OMPs of Borrelia
burgdorferi have important roles for the maintenance
of this spirochete in different host environments and
in virulence. Differential expression of OMPs enables
B. burgdorferi to disseminate through host tissues
w x w x1 , to evade the host’s immune response 2–4 , and
to acquire nutrients essential for the growth of the
w xbacterium 5 . Most of these proteins contain fatty
acids covalently attached to an N-terminal cysteine
which is produced after processing by signal pepti-
w xdase II 6 . Precursors of B. burgdorferi OMPs con-
tain typical signal sequences and are transported by a
sec-dependent pathway across the cytoplasmic mem-
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w xbrane when expressed in Escherichia coli 7 . The
SecA protein plays a central role in protein export in
E. coli due to its ability to interact with most other
w xcomponents of the protein translocation system 8 ,
and it is conserved among various Bacteria and cer-
w xtain photosynthetic plastids 9–19 . SecA recognizes
conventional signal peptides and unknown elements
w xof the mature domain of precursor proteins 20,21 ,
and it couples the hydrolysis of ATP to the process of
translocation of preprotein across the plasma mem-
w xbrane 22 . SecA also autoregulates itself in E. coli
by binding its mRNA and competing with and dis-
w xlodging initiating ribosomes 23 .
Spirochetes are a kingdom of Bacteria remote from
purple and Gram-positive bacteria where the Sec-de-
pendent protein secretion pathway has been discov-
ered and characterized. Furthermore, the absence of a
secA homologue in the recent sequence of the Ar-
w xchaea, Methanococcus jannaschii 24 , and the pres-
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ence of signal recognition particle and signal recogni-
tion particle receptor homologues in Archaea and
w xBacteria 25,26 render uncertain the origin and reten-
tion of a SecA-dependent protein secretion pathway
in various members of the domain Bacteria. In order
to resolve this query and initiate studies of the protein
translocation mechanism and its regulation in B.
burgdorferi, we have attempted to clone a secA
homologue from this organism.
Using similarity data for different secA homo-
logues, degenerate 17-mer oligonucleotide primers
homologous to the highly conserved ATP-binding
w xsites of SecA 27 were designed according to the
w xreported codon usage for B. burgdorferi 28 . These
primers were employed in polymerase chain reactions
 .PCR to amplify corresponding regions of a putative
secA homologue from B. burgdorferi genomic DNA.
DNA fragments of sizes comparable to those ampli-
 .Fig. 1. Nucleotide and deduced amino acid sequence of B. burgdorferi N40 secA gene GenBank accession number AF003354 . A
predicted Shine–Dalgarno sequence for secA is underlined.
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fied from E. coli secA were obtained. Additional
degenerate primers containing restriction enzyme sites
 .  .EcoRI Eco and BamHI Bam were then designed
 w x was follows: Eco-1F GGAATTCAC ArT GG Ar
x w xT GAAGG ArT AAAAC, where the underlined se-
quence represents nucleotides 310 to 326 in the
w xWalker A motif 29 of the high-affinity ATP-binding
site of the noncoding strand of E. coli secA; see Fig.
.  w x w2 and Bam-2R CGGGATCCGG ArT GTTCT Ar
xT GCTTCATC, where the underlined sequence repre-
sents nucleotides 665 to 649 in the Walker B motif of
the high-affinity ATP-binding site of the coding strand
.of E. coli secA , and employed in comparable PCR
reactions. Amplified DNA fragments were digested
with EcoRI or BamHI, resolved on an agarose gel,
purified and ligated into the pBluescriptII SK-plas-
 .mid Stratagene which had been digested similarly.
The ligation mixture was transformed into E. coli
 .strain XL1-Blue New England Biolabs , and recom-
 .binants were selected by plating on Luria broth LB
plates supplemented with 100 mg mly1 of ampicillin.
 .  .Fig. 2. Sequence alignment around the Walker A A and B B
motifs of the high-affinity ATP-binding site of SecA protein.
Blackened areas depict positions of identical amino acid residues.
The location of the primers used to amplify a portion of the B.
burgdorferi secA gene is shown.
Plasmid DNA was isolated from the resulting clones,
and the DNA sequence of the B. burgdorferi DNA
fragment was determined using a Sequenase kite
 .United States Biochemical . This fragment contained
a 358 bp open reading frame exhibiting very high
identity to the corresponding regions of E. coli SecA
 .  .58% and B. subtilis SecA 57% . Oligonucleotide
primers specific for the cloned DNA fragment were
w 32 xend-labeled with g- P -ATP using T4 polynu-
cleotide kinase and used to screen a B. burgdorferi
 .N40 genomic library gift of Erol Fikrig . This library
was created using random-sheared B. burgdorferi
genomic DNA and a Lambda Zap II vector Strata-
.  .gene . Only two l13 and l20 of 20,000 phage
plaques screened gave positive hybridization signals.
These phage were purified and pBluescript SK-
plasmids were excised from the phage genome and
cloned into the ‘excision strain’ SOLRe, Strata-
.gene according to the manufacturer’s protocol. The
 .resulting plasmid DNA pC-13 and pC-20 was iso-
lated and the approximate size of the cloned DNA
fragments was determined to be 4.0 kb and 2.2 kb,
respectively. The complete nucleotide sequence of
the B. burgdorferi DNA fragments was determined
for both strands. The insert in pC-13 contained a
large open reading frame of 2697 bp encoding a
 .protein of 899-amino acids M 102,084; Fig. 1 ,r
which was of similar size to E. coli SecA 901 amino
.acids; M 101,900 . Comparison of this sequence tor
the GenBank database using TBLASTN showed that
this open reading frame exhibited a very high similar-
ity with E. coli and Bacillus subtilis SecA proteins
 .Table 1 . However, the polyclonal antisera raised
against either of these two proteins failed to recog-
nize any protein of the predicted molecular weight on
a Western blot containing total cellular protein of B.
burgdorferi B31. Borrelia SecA protein could be
immunologically distinct from these two homologues,
or the SecA protein may be expressed at a lower
level in B. burgdorferi under these conditions where
the amount of protein export would be substantially
lower than E. coli or B. subtilis given the slow
growth rate of B. burgdorferi in culture. It was
shown previously that polyclonal antisera raised
against either E. coli or B. subtilis SecA protein was
w xonly weakly cross-reactive to the other protein 30 .
SecA homologues from different bacterial species
were aligned by the Clustal method using DNAstar-
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Table 1
The similarity between B. burgdorferi SecA and other bacterial
and photosynthetic plastid homologues
Organism % Similarity
Bacillus subtilis 42.3
Caulobacter crescentum 35.9
Escherichia coli 43.2
Haemophilus influenzae 41.9
Listeria monocytogenes 42.0
Mycobacterium bo˝is 37.3
Mycoplasma genitalium 35.5
Rhodobacter capsulatus 40.9
Streptomyces li˝idans 39.7
Synechococcus sp. 35.7
Antithamnion sp. 36.8
Pa˝lo˝a lutherii 35.0
Pisum sati˝um 35.8
The GenBank accession numbers are as follows: Antithamnion
 .sp. red alga , X64705; B. subtilis, D10279 and D90218; C.
crescentus, U06928; E. coli, M20791; H. influenzae, U32772
and L42023; L. monocytogenes, L32090; M. bo˝is, U66080; M.
 .genitalium, U39687 and L43967; P. lutherii chromophytic alga ,
 .X65961; P. sati˝um pea , X82404; R. capsulatus, X89411; S.
li˝idans, U21192; Synechococcus sp., X74592.
 .MegAlign software, version 1.02 DNAStar . B.
burgdorferi SecA exhibited a high similarity at the
amino acid level to its other bacterial and photosyn-
 .thetic plastid homologues Table 1 , especially at the
highly conserved high-affinity ATP-binding site Fig.
.2 . However, B. burgdorferi SecA is more divergent
from the other bacterial SecA homologues then they
are from each other. B. burgdorferi SecA shows only
35.0% to 43.2% similarity to the other bacterial and
plastid homologues, and its evolutionary divergence
is exceeded only by Mycoplasma genitalium data
.not shown . A phylogenetic analysis of the different
 .SecA homologues Fig. 3 revealed that SecA ap-
pears to be a useful marker for evolutionary analysis
of bacteria and photosynthetic plastids, since it repre-
sents an intermediate case between highly conserved
sequences such as 16S ribosomal RNA and proteins
serving a variety of less essential metabolic functions.
The utility of SecA for phylogenetic analysis is un-
derscored by the ability to isolate this gene from any
bacterial source of interest utilizing sequences at the
 .highly conserved ATP-binding sites Figs. 2 and 5 .
In performing our analysis of the different SecA
proteins we noticed the presence of a highly variable
sequence immediately following the Walker A motif
of the low-affinity ATP-binding site that appears to
serve as a useful phylogenetic sequence marker Fig.
.4 . The cyanobacterium, Synechococcus PCC7942,
as well as the photosynthetic plastids, which share a
common ancestor according to the endosymbiotic
theory, possess a longer version of this sequence
compared to B. burgdorferi and Gram-negative bac-
teria, while the Gram-positive bacteria and M. geni-
talium lack this sequence. Barring parallel evolution-
ary pathways, this finding suggests that this sequence
was present in the common ancestor of Spirochetes
and Eubacteria, and that it was subsequently deleted
in the Gram-positive line. We have recently shown
that this sequence is essential in E. coli and that it
corresponds to a periplasmically-accessible loop in
w xthe integral-membrane form of SecA protein 31 . In
order to show the utility of this sequence for phyloge-
netic analysis we utilized primers flanking this se-
 w x w x wq u e n c e , G A C r T G A A r G G C N A r
x w x w xC GNACNCCN CrT TNAT ArCrT AT, where the
underlined sequence represents nucleotides 649 to
674 in the Walker B motif of the high-affinity ATP-
binding site of the noncoding strand of E. coli secA,
w x w x w xw xand NC GrT NCCNC GrT NA ArG CrT TG
Fig. 3. Evolutionary relationship of the SecA homologues using the Clustal method with a PAM250 residue weight table MegAlign,
.DNAStar .
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Fig. 5. PCR analysis of the phylogenetic sequence market with
 y1.secA. Chromosomal DNA 50–100 mg ml of each species
and 1 mM final concentration of each primer were used for PCR
amplification according to the manufacturer’s protocol Perkin-
.  .Elmer . Thirty cycles 948C, 558C, and 728C, each for 1 min
were performed, and 15 ml of each reaction product was ana-
lyzed on a 1.2% agarose gel, which was photographed after
ethidium bromide staining. M, 100 bp ladder from Gibco-BRL.
Lanes 1–6, PCR products from reactions containing chromoso-
mal DNA from E. coli MC4100, Borrelia burgdorferi B31,
Borrelia burgdorferi N40, Bacillus subtilis 841, Bacillus
stearothermophilus ATCC7953, no added DNA.
w x w x w xArG TT ArG TC ArGrT AT, where the under-
lined sequence represents nucleotides 1722 to 1699
immediately downstream of the Walker A motif of
the low-affinity ATP-binding site of the coding strand
. of E. coli secA to amplify this region by PCR Fig.
.5 . The difference between Gram-negative bacteria
and Spirochetes, which contain a shorter version of
this sequence marker, and Gram-positive bacteria that
entirely lack this sequence, can readily be detected by
this method. Finally we note that there is a probable
sequencing error in the secA gene of Mycobacterium
 .bo˝is accession number U66080 , since a single
nucleotide frameshift within the region immediately
downstream of the Walker A motif of the low affinity
ATP-binding site results in a perfect match of the
predicted amino acid sequence with all other very
highly conserved sequences of this region of SecA
 .see Fig. 4 , including Mycobacterium tuberculosis
 .accession number Z95121 .
The presence of the secA gene in Spirochetes
suggests that this gene is present in most if not all
major lineages within Bacteria. Since B. burgdorferi
is evolutionarily remote from many well character-
w xized eubacteria 32 , possesses a unique membrane
w xlipid composition 33 , and must exist in both verte-
brate and arthropod hosts, it is likely that at least
some of the components and mechanisms of protein
secretion and its regulation will be novel for this
organism. Cloning of the B. burgdorferi secA gene is
a first step in the analysis of protein secretion mecha-
nisms in this spirochete.
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